Precipitation hardening of selective laser melted AlSi10Mg was investigated in terms of solution heat treatment and aging duration. The influence on the microstructure and hardness was established, as was the effect on the size and density of Si particles. Although the hardness changes according to the treatment duration, the maximum hardening effect falls short of the hardness of the as-built parts with their characteristic fine microstructure. This is due to the difference in strengthening mechanisms. Additive manufacturing (AM) techniques are under extensive investigation for their potential to replace conventional manufacturing methods in the production of complex structures. Selective laser melting (SLM) is an AM technology for the production of metal parts from powders using a high intensity infra-red laser. [1, 2] Several researchers are interested in material qualification studies for Al alloys in this field, [3, 4] and there are numerous studies paying special attention to the mechanical properties of parts manufactured from Al alloys by SLM such as hardness, [5, 6] tensile behavior, [4, [6] [7] [8] [9] creep resistance, [4] impact energy, [6] and fatigue. [10] In most of these studies, a heat treatment has been employed with the aim of enhancing the mechanical behavior of the parts. For the AlSi10Mg alloy, the alloy of interest in this study, annealing is usually used to promote ductility, whereas it is conventionally strengthened through precipitation hardening.
Precipitation hardening for AlSi10Mg is divided into two steps; (1) solution heat treatment (SHT) followed by quenching and (2) artificial aging (AA) at 423 K to 453 K (150°C to 180°C). [11] Each step is conducted over duration of time, which is generally provided as a range. The durations are based on studies conducted on conventionally manufactured components from AlSi10Mg that have microstructures that are entirely different from that developed during the SLM process. [3] The duration for each step is of crucial importance to avoid underaging or overaging, which has consequent results in reducing hardness. An example of the importance of the aging process has been shown by Brandl et al. [10] where the fatigue resistance of AlSi10Mg SLM parts was enhanced following a hardening regime. However, whether Brandl et al. [10] selected the most appropriate SHT and AA durations for optimal fatigue resistance requires further investigation. Prashanth et al. [9] reported a mechanical properties dependence on the microstructure evolution of selective laser melted Al-12Si during annealing at different temperatures. Understanding the unique microstructure produced by SLM and its response to precipitation hardening (in hardenable alloys) is essential at this point. This paper shows a method of identifying the optimal heat treatment conditions; SHT and AA for AlSi10Mg for the purposes of optimizing the hardness of components manufactured using SLM. To the authors' knowledge, there is no study so far in the literature that has explored this issue thoroughly.
In this study, SLM samples were manufactured from AlSi10Mg powder supplied by LPW Technology (UK) using a Renishaw AM250 SLM machine (UK) equipped with a 200 W Yb-Fiber laser (k = 1064 nm). Samples were processed using a hatch spacing of 0.08 mm and a scan speed of 318 mm/s. The samples were heat treated by precipitation hardening (T6) in the following sequence: (1) SHT at 793 K (520°C) for 1, 2, 3, and 4 hours; (2) water quenching; and (3) AA at 433 K (160°C) for 6, 8, 10, and 12 hours followed by air cooling.
The samples were polished and immersed in Keller's etchant for 20 to 25 seconds to reveal their microstructures. Using a Nikon Eclipse LV100ND microscope, the microstructure of the as-built sample (see the isometric view in Figure 1 (a)) was observed in the planes perpendicular and parallel to the build direction (referred to hereafter as XY and XZ planes, respectively) as shown in Figures 1(b) and (c). The grains in the XY plane are equiaxed (cellular grains), whereas in the XZ plane they are elongated (columnar) in the direction of thermal gradient. This is the characteristic microstructure for SLM parts as has been previously reported. [3, 5] A Phillips XL30 scanning electron microscope (SEM) with a 20 kV accelerating voltage equipped with an energydispersive X-ray (EDX) detector was used for additional imaging and chemical composition analysis. EDX con-firmed that during solidification Si particles segregate at the Al grain boundaries (see Figure 2 ). Fast cooling reduces the amount of Si rejected into the liquid by extending the solubility of Si in Al, [12] so a-Al solidifies first in the preferential cellular structure leaving the residual Si at the grain boundaries. [9] When the material was solution heat treated for 1 hours (Figure 1(d) ) the microstructure coarsened and Si started diffusing to form particles instead of being segregated around the grain boundaries of the a-Al. Further increases in the SHT duration promoted diffusion, leading to larger particles (see Figure 1(e) ). Agglomerates of Si particles were observed at the melt pool boundaries. The preferential growth of Si particles at the melt pool boundaries could be seen because these regions were remelted more than once during processing since they lie at the overlap of two hatches. SHT for more than 2 hours significantly dissolved the scan tracks even before aging, as shown in Figure 1 (e) for the sample that underwent SHT for 4 hours. The scan tracks that were not dissolved during SHT diminished upon aging, yielding a more homogenous microstructure (Figures 1(f) and (g) ).
The observations made from the micrographs of the samples treated for different durations ( Figure 1) were further supported by analyzing the size of the Si particles and their spatial density (using the open source software ImageJ 1.46r [13] ), as demonstrated in Figure 3 . The particles' size and density for the as-built samples could not be quantified since the alloying elements were found as continuous segregations at the grain boundaries without a definite shape. However, at the early stages of SHT (1 hours), particles started to form with a specific size and density. As the SHT progressed, the average particle size increased until it reaches a plateau in the range of 3 to 4 hours, with average Si particle sizes of 1.40 and 1.42 lm, respectively. The spatial density of the particles decreased with increasing SHT duration since the particles diffuse to form larger particles, but the quantity of Si remains constant. When all samples subjected to different SHT durations were aged for 6 hours, it was observed that the Si particle size and density were not significantly altered. The particles' size and density started to change with further aging. It is important to note that during heat treatment, not only particle diffusion or dissolution occurred but also nucleation sites for the formation of needle-like Mg 2 Si precipitates were observed (see Figures 1(f) and (g)) that are expected to influence the particulate measurements. In addition, a fraction of these precipitates might not be adequately represented because their size is below the threshold of the image's resolution. Nevertheless, they will be contributing to the overall hardness.
Hardness tests were conducted using a Vickers hardness tester with a load of 300 gf. The hardness of the prepared samples was expected to be influenced by the microstructure developed at different heat treatment durations. The evolution of hardness with changing the heat treatment procedure can be found in Figure 4 . The highest hardness was achieved with the as-built selective laser melted material. The material was significantly softened by SHT for 1 hour due to microstructure coarsening. Hardness started to increase with further increase in SHT duration. This could be attributed to the increase in the size of the Si particles as described above. Hardness then increased when the material was artificially aged due to the formation of Mg 2 Si precipitates. However, it is quite noticeable that the maximum enhancement in hardness falls short compared with the as-built material; losing 12.3 pct of the original hardness. This is better understood by considering the various strengthening mechanisms in both the as-built and heat-treated material. In the as-built material, hardness or strength is mainly attributed to: (1) grain-size reduction governed by the Hall-Petch equation r y = r 0 + k (d) À1/2 , where r y is the yield strength, r 0 is a material constant denoting the stress required to start dislocation motion, K is the strengthening coefficient, and d is the grain size, (2) solid solution strengthening due to the presence of alloying elements, and (3) dislocation strengthening through the interaction of dislocations impeding each other's motion. On the other hand, strengthening in the case of precipitation hardening is dominated by the presence of precipitates or dispersoids, referred to as Orowan strengthening, in addition to the solid solution strengthening and dislocation strengthening. [14] In the as-built samples, the dislocation motion is mainly hindered by the increased volume of grain boundaries, whereas in the hardened material the dislocation motion is obstructed by the dispersoids acting as obstacles. For overaged materials, the strength decreases because the precipitates are bypassed by the dislocation, depressing the effect of Orowan strengthening. [15] This is because the increase in precipitate size would require more energy from the dislocation to shear through so bypass is promoted. [16] The presence of precipitates in aged alloys is known to boost the material's hardness. This was an evident in this study when comparing the samples subjected to SHT to those aged. However, this was not the case when comparing aged samples to as-built. This indicates that the effect of grain boundary strengthening (through grain-size reduction) in the as-built samples outweighed the contribution of Orowan strengthening by the presence of dispersoids in the aged samples. The importance of this study lies within the difference between the response of conventionally manufactured (e.g., casting) Al alloys and those fabricated by SLM. The response is typically a function of the microstructure. A comparison between both materials' microstructures and responses is presented in Table I . It has been previously reported that the aging response of Al-Si-Mg alloys is independent of the SHT time in the case of casting. [17] However, the results discussed here showed that this is not the case for SLM materials, since the SHT duration was found to significantly influence the aging response as represented by the material's hardness. Moreover, the fineness of the microstructure dominates the selection of SHT times. For cast alloys, shorter times of SHT are needed to completely homogenize finer microstructures, [18] but the characteristically fine microstructure of SLM parts required longer SHT durations to stabilize the microstructure and enhance the mechanical response with and without aging. Precipitation behavior in coarse-grained Al alloys differs from that in ultrafine-grained Al alloys. [19] Consequently, when dealing with Al alloys processed by SLM, it is crucial to bear in mind that it is an ultrafine-grained material rather than a conventional coarse-grained Al alloys.
The current study is a first step in the development of a T6 treatment for SLM Al-Si alloys considering only the response of hardness to the different precipitation hardening procedures. Further investigations on other mechanical properties are underway and will be the subject of future publications. Investigation of a larger range of AA temperatures will also be conducted. Although the focus of this paper was on precipitation hardening, other heat treatment procedures require attention as well given the characteristic microstructure of Al parts processed by SLM. This microstructure might require developing tailored heat treatment procedure to yield the mechanical behavior needed in operation. As-fabricated microstructure fine microstructure with continuous Si segregations on the grain boundaries of a-Al coarse dendritic microstructure [18] with Si in the form of flakes [20] Precipitation hardened microstructure microstructure coarsens to become a solid solution of Si particles in a matrix of a-Al fine Si particles form and cluster at the grain boundaries of a-Al, [20] generally a globular microstructure. Precipitation hardening effect on hardness hardness decreased for the investigated range hardness increases until peak hardening (~10 h AA) then decreases with over aging [21] 
